Frequently, the repairs of concrete structures need to be performed in confined spaces where repair materials are placed around the existing or newly installed reinforcement. As a result, it is very desirable for the repair material to have high fluidity to facilitate complete filling of the repair area, preferably without the use of a vibrator.
INTRODUCTION
Self-consolidating concrete (SCC) represents one of the major technological advancements in the field of civil engineering in the last decade. SCC was first developed in 1988 in Japan in order to reduce honeycombing due to inadequate consolidation, thus paving a way for construction of more durable concrete structures [1] . Since then, SCC experienced rapid, world-wide devlopemnt and has been used successfully in many structures, especially in areas with congested reinforcement [2] . SCC can be defined as a highly flowable concrete that can In this paper, the results of the development of mixture proportions for RSSCC and the fresh and hardened properties of selected concretes produced in the laboratory are presented. The RSSCC was developed using polycarboxylate-based HRWR, Type-III portland cement, silica fume (SF) and micro-fine fly ash (MFA). The fresh concrete properties measured included slump flow, T 50 flow time, Visual Stability Index (VSI), V-funnel flow time, L-box passing ratio and air content. The hardened concrete properties measured included rate of compressive strength development, freeze-thaw durability and slant shear bond strength.
RESEARCH SIGNIFICANCE
Repair materials are frequently batched in small quantities, and are mixed on site. Often, the space constrictions in the structure that requires repair also make it necessary to use concrete with small size aggregate. In this study, rapid-setting self-consolidating concrete was developed for repair purposes from a direct site application perspective. The mixing was carried out in a small (28 L capacity) mortar mixer. Due to a limited volume of material needed for individual repairs, and to avoid problems related to the control of setting time, such mixers are often used at the repair sites.
EXPERIMENTAL PROCEDURES
The target values for different properties of the rapid-setting self-consolidating concrete were as follows:
• Slump flow -≥ 660 mm [7] • Visual Stability Index -0 • L-box passing ratio -≥ 0.65
• Compressive strength at 6 hours -≥ 17 MPa [9] • Rapid chloride-ion permeability at 28 days -< 1200 coulombs [10] • Freezing and thawing resistance -Durability factor ≥ 60% at the end of 300 cycles (as per ASTM C 666 [11] ) • Slant shear bond strength at 1 and 7 days -10 and 17 MPa, respectively, (as per ASTM C 928 [12] ) 3.1 Materials All mixtures used in this experimental study were prepared using ordinary Type III portland cement with a fineness of 6210 cm 2 /g and the following chemical composition: 59% of tricalcuim silicate (C 3 S), 14% of dicalcuim silicate (C 2 S), 10% of tricalcuim aluminate (C 3 A) and, 7% of tricalcuim aluminofernite (C 4 AF). Densified silica fume (SF) with a specific gravity of 2.2 and micro-fine fly ash (MFA) with a specific gravity of 2.57 were also used as a part of the binder system. The fine aggregate consisted of natural sand with fineness modulus of 4.14 and specific gravity of 2.63 while the coarse aggregate consisted of pea gravel with a specific gravity of 2.70. The maximum diameter of the pea gravel (D max ) was 9.5 mm and about 65% of it was retained on 4.75mm sieve. The gradation curves for both aggregates are shown in Figure 2 .
The chemical admixtures used to prepare the RSSCC included: polycarboxylate-based HRWR conforming to ASTM C 494 Type A and Type F [13] , air-entraining agent (AEA) 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada conforming to ASTM C 260 [14] and non-chloride accelerator conforming to ASTM C 494 Type C [13] . Since mortar mixers are not typically used in the production of SCC, mixing methodology adopted in the current study utilized the results of the previous investigation on the effects of mixing parameters on the properties of SCC [15] . That investigation was focused on determining the optimal batching and mixing sequence (including timing of addition of 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada HRWR and total length of mixing time) that will result in stable SCC mixture prepared in a mortar mixer. Based on the results of this study a two-step process of addition of HRWR (½ of HRWR added at the beginning of the mixing process and ½ added near the end) was found to be superior in terms of good dispersion of all constituents and mixture stability. As a result, the two-step process has been incorporated in the mixing sequence shown below:
Pea gravel + water required to bring the pea gravel to SSD condition (if pea gravel is not in SSD condition) mix for 30s sand + AEA + cement + silica fume + MFA + ½ remaining water + ½ HRWR + accelerator mix for 45s ½ remaining water + ½ HRWR mix for 225 seconds
In addition to providing a mixing sequence leading to production of stable SCC in a small mortar mixer, the previously mentioned study [15] also resulted in the development of basic SCC mixture proportions that are given in Table 1 . 
3.3
Development of Mixture Proportions for RSSCC The development of mixture proportions for RSSCC used in this study involved modification of the basic SCC mixture given in Table 1 through a series of steps shown in Figure 4 .
In Step 1, the basic proportions of SCC listed in Table 1 were altered by adding varying amounts of densified silica fume (SF). The amounts of SF added were 0, 5, 7.5 and 10 percent by weight of cement. A total of eight mixtures were produced in Step 1. Although for each of the mixtures the total design water content was kept constant at 160 kg/m 3 , the actual amount of water added varied, depending upon the moisture content of aggregates. The moisture content of all aggregates used in Step 1 mixtures was below that required for SSD condition. However, the relative differences between the actual and the SSD moisture content varied, giving rise to two SETS of mixtures as shown in Table 2 .
The aggregate used in SET I mixtures was relatively wet and the amount of "extra" water added during mixing (to compensate for absorption) varied from 0 to 16 kg/m 3 (see Table 2 ). The aggregate used in SET II mixtures was drier than that used in SET I mixtures and, as a result, the amount of water added to compensate for absorption varied from 10 to 25 kg/m 3 as
Materials Quantity
Cement ( Table 2 . The fine aggregate to coarse aggregate volume was varied from 1.79 to 1.86, to account for the changes in silica fume content of the mixture. Based on the fresh and hardened properties obtained (see details in Section 4.1) mixture # 4 from (SET I) was selected for further development in Step 2 as its properties were closest to the desired target values. Step 1 Addition of SF
Step 2 Adjustments of the accelerator dosage
Step 3 Addition of MFA
Step 4 Adjustments of the in HRWR dosage
Final RSSCC mixture proportions 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada
Step 2 in the mixture development process involved varying the accelerator dosage from 4.7 % by weight of cement to 9.1% by weight of cement (485 kg/m 3 ) to obtain the optimum quantity of accelerator required to achieve target compressive strength at 6 h. In this Step, a total of seven mixtures were produced of which the first five mixtures had constant HRWR dosage (2.5% by weight of cement). In the last two mixtures, the HRWR dosage was reduced to 2% by weight of cement. The mixture with 2% HRWR and 8.8% of accelerator dosage by weight of cement was adopted for further development in Step 3 of the mixture design process.
Step 3 involved addition of micro-fine fly ash to the mixtures that contained 7.5 and 10%, respectively of SF (see Table 3 ). The mixture proportions used were similar to those of SET I # 3 and SET I # 4 mixtures, except for some adjustments in the HRWR dosage to maintain required flowability upon addition of MFA. A total of two mixtures were prepared during this Step, of which Mixture # 2 was used in Step 4 of the mixture design process. In Step 4, the HRWR dosage was varied between 1.88 to 2.51% by weight of cement to determine the optimum dosage with respect to flow and segregation characteristics. Five mixtures were prepared and the mixture containing 2.15% of HRWR by weight of cement was selected as a basis for the final RSSCC mixture proportions. These final proportions are given in Table 4 .
3.4
Testing of fresh and hardened concrete properties The fresh concrete properties measured were slump flow, rate of flow (T 50 ) i.e. the time it takes for the concrete patty to flow a distance of 500 mm, visual stability index (VSI), Vfunnel flow time and the passing ratio with the help of L-box test.
2nd The basic equipment used for the slump flow test is same as that used for the conventional slump test. However, the test method differs from the conventional one: the concrete sample placed into the slump cone is not rodded and when the cone is lifted the diameter of the resulting concrete patty is measured, i.e. a horizontal spread is determined as opposed to the vertical drop measured in the conventional slump test. In addition to measuring the diameter of the spread, the time that it takes the collapsed sample to reach a diameter of 500mm (T 50 ) is also measured. To reduce confusion in assessing and quantifying the results of the slump flow test for SCC, researchers have developed a simple parameter (known as Visual Stability Index or VSI to define the stability of SCC mixtures. The VSI is simply a visual rating (from 0 to 3) of the stability of the mixture [16] . For a stable SCC or RSSCC a VSI of 0 is necessary [16] .
The V-funnel test is a simple test where the concrete is allowed to flow from a funnel of standard dimensions (as shown in Figure 5 ) under its own weight [17] . The flow time is defined as the time between the start of the flow and daylight being first visible when looking vertically down through the funnel.
L-box test method uses a test apparatus comprising of a vertical section and a horizontal trough into which the concrete is allowed to flow (on the release of a trap-door) from the vertical section while passing through reinforcing bars placed at the intersection of the two sections of the apparatus (see Figure 6 ). The height of the concrete at the beginning of the horizontal section (H 1 ) and that at the end of horizontal section (H 2 ) are measured. The L-box test can give an indication as to the filling ability and passing ability of the SCC mixture.
The compressive strength test was carried out as per ASTM C 39 [9] with the exception that the samples were not vibrated during the casting procedure. The slant shear bond strength test was carried out as per ASTM C 928 [12] . The freeze-thaw resistance was performed as per ASTM C 666 Procedure A [11] and the rapid chloride permeability test for resistance to chloride ion penetration was performed after 28 days of curing following the ASTM C 1202 [10] . RESULTS AND ANALYSIS Table 5 gives the details of the test results for slump flow, VSI, L-box passing ratio and compressive strength at 6 h for the first series of mixtures involving variation in silica fume content. As explained in section 3.3, the amount of water added was varied as the function of moisture content of aggregates. However, for all these mixtures the total water content based on aggregate being in SSD condition was kept constant at 160 kg/m 3 . In the initial part of this analysis, the effects of variation of added water are discussed. This is followed by the discussion of the effects of addition of silica fume. All mixtures produced in Step 1 were visually stable i.e. they did not exhibit any segregation or air popping SET II) showing a shorter time. This is clearly a reflection of the higher amount of water added to these mixtures.
Effects of variation in silica fume content (Step 1)
The L-box passing ratio values (see Table 5 ) also indicate that SET I mixtures have lower filing ability than SET II mixtures. The compressive strength at 6 hours was higher for SET I mixtures as compared to SET II mixtures (see Table 5 ).
In the part of the analysis presented below the effect of variation in the silica fume content is discussed. The T 50 time values increased as the amount of silica fume in the mixtures is increased (see Figure 7) . Similarly, the V-funnel flow time values show a progressive increase (from 10 s to 20 s) as the silica fume content in the mixture is increased (see Figure  7) . The only exception is the mixture with 5% SF in SET II, for which the V-funnel flow time is 9 s. For mixture containing 10% silica, the V-funnel flow time and the T 50 flow time continue to be on the higher side in comparison to the rest of the mixtures, indicating that higher amount of silica fume reduces the flowability of the mixtures. The passing ratio obtained from L-box also becomes smaller as the percent of SF increases. On the other hand, (Table 5) increases (from 9.9 MPa to 17.5 MPa) with the increase in SF percentages. Due to the satisfactory level of compressive strength at 6 hours (17.5 MPa) and acceptable slump flow of 660 mm, the mixture with 10% SF from SET I was adopted as the base mixture for the next series of mixtures involving variation in accelerator dosage.
4.2
Effect of variation in accelerator dosage (
Step 2) Figure 8 shows the variation in the initial setting time (IST) and final setting time (FST) as the amount of accelerator is increased. Mixtures with 8.8 and 9.1 % of accelerator required lower dosages of HRWR as compared to the other mixtures. It can be seen that a reduction in the dosage of HRWR coupled with an increase in the accelerator dosage reduces the setting time, which will help in achieve higher early age strength. Hence, for Step 3 of the RSSCC mixture development process, the base mixture proportion contained of 9.1% accelerator, 10% SF and 160 kg/m 3 of total water content. Step 3 of RSSCC mixture development, the micro-fine fly ash was added to help to reduce the loss of fluidity due to presence of silica fume. A total of two mixtures were produced using the mixture proportions given in Table 3 . The results obtained for this Step are given in Table 6 . It can be seen that using 10 % of SF in combination with 7.5% of MFA results in mixtures with reasonable flowability and compressive strength values. For both mixtures (Mixture 1 and Mixture 2) the addition of MFA increased the flowability as compared to the mixtures not containing MFA (compare Figure 7 and Tables 5 and 6 ). This increase is most likely related to the spherical shape of MFA which helped in lubricating the particles of cement and silica fume, thus improving the total fluidity of the mixture. Due to the higher value of compressive strength achieved, Mixture 2 from Step 3 (10% SF and 7.5 % MFA) was used for evaluation of the HRWR dosage in Step 4 of the mixture design process. 
Variation of HRWR dosage (Step 4)
In the final (Step 4) part of the mixture design process, the effect of variation in the dosage of HRWR on the fluidity of the mixture was evaluated in an attempt to determine the optimum amount of superplasticizer needed. Figure 9 shows the variation in slump flow at different dosage levels of HRWR. The slump flow is below the target value of 660 mm for lower HRWR dosages but increases rapidly beyond 2.15 % of HRWR addition. Figure 10 gives the T 50 and V-funnel flow time values for variation in HRWR dosage in the range from 1.88% to 2.53%. Both tests were carried out within 10 minutes after completion of the mixing process. In general, the incorporation of HRWR reduced the flow time but the effects on T 50 and V-funnel values were different. As seen in Figure 10 , the initial increase in the HRWR dosage (from 1.88% to 2.05%) reduced the V-funnel flow time from 26s to 20s. However, the same increase in dosage of HRWR did not reduce the T 50 flow time. The observed trends in the V-funnel curve can be considered as analogous to the trends obtained in the mini-slump cone test used for determination of the HRWR saturation point [18] . The saturation point reflects the point for HRWR dosage beyond which further addition of the dispersing agent does not yield any considerable increase in the fluidity of the mixture.
Property
When the HRWR dosage was increased beyond 2.52% by weight of cement, the mixture experienced severe segregation and bleeding. As a result, the V-funnel test could not be carried out. It appears, therefore, that the HRWR saturation point for RSSCC mixtures is between 2.1% and 2.4% by the weight of cement.
4.5
Fresh and Hardened Properties of RSSCC The fresh properties of the RSSCC mixture prepared using the final mixture proportions obtained after carrying out all four steps discussed earlier are given the in Table 7 . The slump flow was 52 mm above the target slump flow of 660 mm. The mixture was visually stable and had a VSI of 0. Although the obtained V-funnel flow time (16 s) could be considered to be on a high side, the L-box passing ratio of 0.8 can be considered to be well within the acceptable range [19] .
The hardened concrete properties of this mixture were as follows: • Rapid chloride permeability -the test was carried out on samples cured for 28 days and the total charge measured was 1100 coulombs. As per ASTM C 1202 [10] this value indicates that the tested concrete has high resistivity to chloride ions ingress.
• Freeze-thaw durability -the durability factor was 99% at the end of 300 cycles (as per ASTM C 666 Procedure A [11] ) indicating excellent freezing and thawing resistance.
• Slant shear bond strength -the slant shear bond strength values were 11.3 MPa at 24 h with standard deviation of 0.45 and coefficient of variation of 4.05 % and 20.5 MPa at 7 days with a standard deviation of 0.5 and coefficient of variation of 2.45 %. These values are above the requirements of 7 MPa and 17 MPa, respectively, given in ASTM C 928 [12] for rapid setting materials.
CONCLUSIONS
− Rapid-setting self-consolidating concrete applicable for small batch volume repair jobs was developed using 9 mm maximum size pea gravel. − The successful mixture incorporated ternary blend of Type III Portland cement, silica fume and micro fine fly ash. The total cementitious materials content was high − (560 kg/m 3 ) and the mixture required high dosages of HRWR and accelerator as well as low water to cementitious ratio. − Addition of SF drastically reduces the fluidity of the RSSCC. Addition of excessive amount of HRWR to increase fluidity leads to segregation and bleeding. − RSSCC had low chloride permeability and a high resistance to freezing and thawing.
High value of the slant shear bond strength indicates that this mixture is capable of developing good bond with existing old concrete.
